The structures of m-benzyne and its fluorinated derivative, tetrafluoro-m-benzyne, were investigated using coupled cluster methods including triple excitations ͓CCSD͑T͒ and CCSDT͔, different reference wave functions ͑spin-restricted Hartree-Fock, spin-unrestricted Hartree-Fock, and Brueckner͒, and different basis sets ͓6-31G͑d , p͒ and correlation-consistent valence triple-zeta ͑cc-pVTZ͔͒. The inclusion of triple excitations in conjunction with d-and f-type polarization functions is paramount to correctly describe through-bond delocalization of the monocyclic form. At the highest level of theory, the C1-C3 distance of the minimum energy form of m-benzyne is 2.0 Å and the profile of the potential energy surface along the C1-C3 distance is that of an asymmetric, single well, in agreement with previous density-functional theory and coupled cluster studies. In addition, the calculated CCSD͑T͒ fundamental frequencies are in excellent agreement with the measured infrared frequencies, thus confirming the monocyclic form of m-benzyne. For tetrafluorom-benzyne, however, the increased eclipsing strain between the ring-external C -X bonds stabilizes the bicyclo͓3.1.0͔hexatriene form: the C1-C3 distance is calculated at the CCSD͑T͒/cc-pVTZ level to be approximately 1.75 Å, which is in the range of elongated CC bonds. Computed harmonic vibrational frequencies compare reasonably well with the experimental neon-matrix difference spectrum and provide further evidence for the existence of a bicyclic form.
I. INTRODUCTION

1,3-Didehydrobenzene
͑commonly known as m-benzyne, see Fig. 1͒ and its derivatives provide excellent examples of the often symbiotic relationship between theory and experiment. m-Benzynes are stable only at low temperatures and can be characterized by matrix isolation infrared spectroscopy, [1] [2] [3] [4] [5] [6] [7] and quantum chemical calculations can reproduce the measured spectrum provided they also correctly describe the molecule's geometry and electronic structure. 1, [8] [9] [10] [11] [12] [13] [14] [15] [16] Hence, agreement between measured and calculated infrared spectra is synonymous with identification and structural characterization. Although this strategy of combining theory and experiment promises useful insight into the electronic structure of labile compounds not amenable to other structural investigations, it is easily hampered by complicating factors that may make the comparison problematic. These may have to do with the experimental conditions ͑e.g., low resolution of the measured spectra, limited detection range, presence of other molecules in the matrix, etc.͒ or the limitations of the theoretical description ͑e.g., multireference effects, basis set incompleteness, etc.͒. ͑For a recent review of many of the issues hampering theoretical descriptions of benzyne diradicals, see Ref. 17 .͒ Marquardt, Sander, and Kraka carried out the photolytic destruction of ͓2,2͔meta-paracyclophane-2,9-dione trapped in an argon matrix at 10 K and hypothesized that m-benzyne was one of the products. 1 Theoretical calculations using coupled cluster theory supported this conclusion: the coupled cluster singles and doubles method with perturbative triples ͓CCSD͑T͔͒ ͑Ref. 18͒ and the 6-31G͑d , p͒ basis set 19 predicts a monocyclic structure ͑structure 1 of Fig. 1͒ whose harmonic vibrational spectrum shows good agreement with the experimental infrared difference spectrum. 1 Kraka and Cremer, using the same level of theory, predicted a C1-C3 bond length of ca. 2.0 Å and a relatively weak biradical character of just 20%. 8, 9 These investigations were later repeated by generating m-benzyne from other precursors, and in each case the same infrared spectrum was observed. 4 Several authors have also performed density-functional theory ͑DFT͒ ͑Ref. 20͒ and wave-function-based calculations to explore the potential energy surface ͑PES͒ along the m-benzyne C1-C3 distance. 12, 13 At smaller values of r͑C1-C3͒ a second structure, bicyclo͓3.1.0͔hexatriene ͑structure 2 of Fig. 1͒ may be located, which, despite its high ring strain resulting from the existence of a cyclopropenyl unit and two inverted carbon atoms ͑C1 and C3͒, is remarkably stable relative to the open form. However, whether the monocyclic or bicyclic structure is most stable depends heavily on the type of method used, and the choice of density functional, wave function, basis set, correlation correction, etc. can have a dramatic effect on the shape of the PES.
predicts the bicyclic structure to be the most stable, whereas the RBLYP functional 22, 23 prefers the monocyclic structure, and an extensive discussion exists in the literature over the most appropriate choice of method for biradicals. 12, [24] [25] [26] [27] [28] [29] [30] [31] Wenk and Sander recently reported the generation of tetrafluoro-m-benzyne in solid neon at 3 K identified by its corresponding infrared difference spectrum. 5, 6 Just as for the parent m-benzyne, density functional calculations give widely varying results depending on the choice of functional. Based upon their previous studies of m-benzyne, Wenk and Sander concluded that the RB3LYP functional overestimates the interaction between the radical centers. They therefore preferred the RBLYP functional, which predicts a monocyclic structure.
However, Hess has recently disputed the conclusions of these investigations, 14 and has suggested that still higher levels of theory should be applied to finally lay to rest the question of m-benzyne's structure. Indeed, the variability of computed results from coupled cluster theory with respect to the choice reference determinant, an important aspect for related compounds such as 1,4-didehydrobenzene ͑also known as p-benzyne͒, 32 has not yet been examined for m-benzyne or tetrafluoro-m-benzyne. Furthermore, calculated infrared spectra have been exclusively based on the harmonic approximation combined with various scaling procedures to simulate the true fundamental infrared vibrational frequencies of the compound. 1, 4, 10, 12 Although this approach is common in quantum chemistry, 33 it makes spectra comparison more a qualitative rather than the needed quantitative exercise.
Several other questions must be answered in connection with the m-benzyne ͑and tetrafluoro-m-benzyne͒ problem: ͑1͒ What level of theory is required to obtain the most reliable description of the two m-benzyne forms, or, equivalently, how can one obtain a reliable description of the PES along the C1-C3 distance? ͑2͒ What is the shape of this PES profile: a double well, a simple single well, a strongly asymmetric single well, or a broad, flat single-well embedding both m-benzyne forms and leading to a large amplitude vibration? ͑3͒ Can one assess the answers to these two questions via a comparison of measured and calculated infrared vibrational spectra of m-benzyne?
Some of these questions have been investigated in the past. For example, the most extensive study of m-benzyne to date is that of Winkler and Sander, 13 who used both DFT and wave-function-based methods to investigate the PES along the C1-C3 distance. They found that pure functionals based on the generalized gradient approximation ͑GGA͒ such as BLYP were superior to hybrid functionals such as B3LYP for m-benzyne because they produced energy profiles that more closely mimicked those from higher level coupled cluster theory. However, Kraka, Cremer, and co-workers have shown that this is due to the fact that BLYP includes nonspecific, nondynamical correlation effects via the semilocal exchange functional. [24] [25] [26] [28] [29] [30] [31] In this way the stability of the restricted BLYP solution is artificially increased and an unrestricted BLYP solution suppressed so that zero biradical character is enforced for any m-benzyne form. B3LYP, which contains only a reduced amount of nondynamical electron correlation, has an unrestricted solution in the case of m-benzyne that is higher in energy than the restricted solution for the bicyclic form. Standard DFT with the approximate exchangecorrelation functionals in use today fails to describe the multiconfigurational character of m-benzyne. The use of BLYP and other GGA functionals in a sense disguises the true problem by predicting a perfect coupling of the single electrons ͑via peripheral delocalization or an unlikely long CC bond close to 2 Å͒. Accordingly, the reactivity of a typical closed shell system rather than a molecule with some biradical character is predicted. More reliable results can only be obtained if a two-configurational approach such as the restricted ensemble Kohn-Sham approach is used with a hybrid functional to exclude at least partly the nondynamic correlation introduced through the exchange functional. 31 But even a two-configurational DFT approach has to be verified with a method that works without any assumptions and approximations and is known to provide reliable results in the case of biradicals. Clearly coupled cluster is such a method. The objective of the present work is to reconsider the ability of various single-determinant-reference coupled cluster methods 34, 35 in the prediction of the structure of m-benzyne and tetrafluoro-m-benzyne. We have examined the influence of the reference molecular orbitals ͑spin-restricted, spin-unrestricted, or Brueckner͒ on the predicted structure, as well as basis-set effects and higher levels of dynamic electron correlation. We have computed energy profiles of both molecules using structural optimizations at coupled cluster levels of theory with varying basis sets. 13͒ ͑I͒ vs a -delocalized structure ͑II͒. In structure 2, the ring denotes the system, which remains essentially intact ͑relative to benzene͒ after the formation of the C1-C3 bond. In structure I, the dotted line indicates the presence of -through-bond coupling between C1-C3 and C1-C2/C2-C3. For structure II, the circle indicates the delocalized system, the dashed hexagon through-bond delocalization, and the coupled arrows a strong degree of spin coupling leaving little, but still finite biradical character.
II. COMPUTATIONAL APPROACH
We have investigated the structures of m-benzyne and tetrafluoro-m-benzyne at the CCSD, 36, 37 CCSD͑T͒, 18, 38 and full CCSDT levels of theory. 39, 40 In order to identify potential problems associated with the underlying molecular orbital definitions, we utilized three types of reference determinants with the CC methods: spin-restricted Hartree-Fock ͑RHF͒, spin-unrestricted Hartree-Fock ͑UHF͒, and Brueckner orbitals. 41, 42 Two basis sets were used in this study: the Pople-type split-valence 6-31G͑d , p͒ basis set, 19 and the larger correlation-consistent valence triple-zeta basis set ͑cc-pVTZ͒ developed by Dunning, 43 which corresponds to a ͑10s5p2d1f /5s2p1d͒ / ͓4s3p2d1f /3s2p1d͔ basis.
Optimized geometries were obtained using analytic energy gradients at the CCSD and CCSD͑T͒ levels of theory with the RHF ͑Refs. 44-47͒ and UHF ͑Ref. 48͒ reference determinants, as well as at the CCD level with Brueckner orbitals. 42 Finite differences of energies were used to obtain gradients at the full CCSDT and B-CCD͑T͒ levels. Energy profiles of m-benzyne and tetrafluoro-m-benzyne were obtained from optimized structures with constrained C1-C3 distances.
Harmonic vibrational frequencies were determined using analytic energy second derivatives at the CCSD and CCSD͑T͒ levels of theory with the RHF and UHF reference functions, [49] [50] [51] numerical differentiation of analytic gradients at the B-CCD level, 42 and numerical differentiation of energies at the B-CCD͑T͒ level. Infrared absorption intensities were computed for all methods for which at least analytic energy gradients were available. RHF-CCSD͑T͒ fundamental vibrational frequencies of m-benzyne were determined using second-order vibrational perturbation theory with cubic and semidiagonal quartic force constants computed via finite differences of analytic second derivatives using the method described by Stanton, Lopreore, and Gauss.
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T 1 and T 2 excitation amplitudes were monitored as diagnostics of the quality of the coupled cluster wave functions. All electrons were correlated at the CCSD and CCSD͑T͒ levels of theory, and the 1s core electrons on carbon and fluorine were frozen at the full CCSDT level. All calculations were performed using the ACESII program system. Table I summarizes coupled cluster predictions of the structure of m-benzyne. With the CCSD/ 6-31G͑d , p͒ method, all three reference determinants-RHF, UHF, and Brueckner-predict a bicyclic structure as the global minimum on the PES, with a C1-C3 distance of 1.56 Å. ͑At this geometry, there is no true UHF wave function, i.e., the RHF determinant is stable to spin-symmetry breaking. Thus, the RHF-CCSD and UHF-CCSD structures given in Table I are identical.͒ However, triple excitations produce a dramatic change in m-benzyne's predicted structure: the CCSD͑T͒ /6 -31G͑d , p͒ level of theory predicts a monocyclic structure as the global minimum, with C1-C3 distances of 2.11, 2.09, and 2.11 Å, respectively, with the RHF, UHF, and Brueckner reference determinants. This qualitative difference continues at the full RHF-CCSDT level of theory, which gives a C1-C3 distance of 2.09 Å. We observed similar trends using the larger cc-pVTZ basis set, as reported for the RHF-CCSD and RHF-CCSD͑T͒ levels of theory in Table I . If we consider the fact that the larger cc-pVTZ basis set reduces the C1-C3 distance by 0.08 Å, we predict that a value of ca. 2.013 Å would be obtained at the CCSDT/cc-pVTZ level of theory. Figure 2͑a͒ presents the RHF-CCSD and RHF-CCSD͑T͒ energy profiles of m-benzyne ͑relative to the minimum at the given level of theory͒ as a function of the C1-C3 distance, where all other geometrical parameters were optimized. These diagrams illustrate clearly the difference in predicted structures, with the CCSD minimum at 1.56 Å and the CCSD͑T͒ minimum at 2.11 Å, and with a noticeable "shoulder" on both profiles.
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III. RESULTS AND DISCUSSION: M-BENZYNE
A. Electronic structure of m-Benzyne
CCSD provides an accurate account of pair correlation in the singles and double space, and it should therefore correctly describe the degree of through-space pairing between the single electrons at C1 and C3. However, it includes only disconnected three-electron correlation effects so that through-bond interactions of the single electrons are underestimated. 54, 55 Accordingly, it exaggerates the importance of forming a C1-C3 bond and wrongly predicts the existence of a bicyclic form. Both basis sets used ͓6-31G͑d , p͒ and cc-pVTZ͔ predict an asymmetric PES with a shoulder at the position of the open form. The larger basis set stabilizes the bicyclic form stronger relative to the open form ͑4 -5 kcal/ mol higher in energy͒ than the smaller basis set ͑2 -3 kcal/ mol͒. CCSD͑T͒, on the other hand, gives a more balanced account of both pairwise and connected three-electron correlation effects so that the stabilization of the open form by through-bond delocalization is correctly assessed. This is confirmed by Fig. 2͑b͒ , which gives the self-consistent field ͑RHF͒ ͑left-hand y axis͒ and correlation contributions ͑right-hand y axis͒ to the total energies. We note that the RHF energy profiles are identical, indicating that the differing shapes of the CCSD and CCSD͑T͒ surfaces are due entirely to electron correlation effects. The shapes of the CCSD and CCSD͑T͒ correlation energy curves in Fig. 2͑b͒ are similar, but the steeper slope of the latter leads to a shift in the minimum to a larger C1-C3 distance shown in the total energy profile given in Fig. 2͑a͒ . There is also a clear change in the CCSD͑T͒ PES when using the larger cc-pVTZ basis set. The shoulder at the position of the bicyclic form is lowered significantly from 3.2 to 1.6 kcal/ mol, which leads to a shift of FIG. 2. RHF-CCSD and RHF-CCSD͑T͒ C1-C3 energy profiles for m-benzyne using a 6-31G͑d , p͒ basis set. Structural parameters were optimized for fixed C1-C3 distances. Energies are reported relative to the global minimum on the respective PES. ͑a͒ Total energies; ͑b͒ RHF energies ͑left-hand y axis͒ and change in correlation energy with respect to the C1-C3 distance, relative to the correlation energy at r͑C1-C3͒ = 1.40 Å ͑right-hand y axis͒.
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Smith, Crawford, and Cremer J. Chem. Phys. 122, 174309 ͑2005͒ the minimum from 2.11 to 2.05 Å ͓Fig. 2͑a͔͒. Clearly, the correct PES profile along the C1-C3 distance corresponds to an asymmetric, single-minimum potential. This result is confirmed by UHF-and Brueckner-CCSD͑T͒ calculations that do not significantly change the shape of the PES profile.
B. Biradical character of m-benzyne
What is the biradical character of the reference wave function in the two most important regions of the energy profiles described above-the bicyclic region for which CCSD predicts a minimum and the monocyclic region preferred by CCSD͑T͒? One measurement of such multireference character is the size of the T 2 cluster amplitudes. For short C1-C3 distances, the maximum T 2 RHF-CCSD amplitude is 0.09. ͑As noted earlier, UHF-CCSD gives identical results in this case because the RHF wave function is spinstable.͒ For longer C1-C3 distances, on the other hand, the maximum RHF-CCSD T 2 amplitude increases to 0.24 ͓to a double excitation from the highest occupied molecular orbital ͑HOMO͒ to the lowest unoccupied molecular orbital ͑LUMO͔͒ clearly indicating greater biradical character in the reference function. ͑UHF-CCSD gives nearly identical values.͒ As a second measure of biradical character in the wave function, we have also computed natural orbital occupation numbers ͑NOON͒. For the RHF-CCSD wave function in the short C1-C3 region ͑i.e., the bicyclic structure͒, the HOMO and LUMO NOON values are 1.92 and 0.07, respectively, while in the long C1-C3 region ͑i.e., the monocyclic structure͒ the values are 1.75 and 0.24, in agreement with the results obtained by Kraka and Cremer. 8, 9 Again, we see that the biradical character increases with the C1-C3 distance, as expected, though, its magnitude is significantly smaller than for p-benzyne, with HOMO and LUMO NOON values of 1.18 and 0.82, respectively. 32 We note also that Winkler and Sander 12 concluded via a natural bond-orbital analysis that m-benzyne's monocyclic structure should not be described as a biradical but rather a -allylic structure ͑Fig. 1, structure I͒ referring to the fact that the two single electrons can delocalize from the a 1 -symmetrical C1-C3 bonding orbital into the antibonding C2-H7 orbital. The same authors show, however, that this delocalization effect is much stronger in the case of the bicyclic compound and that significant contributions arise from the through-bond interactions involving -bonds C1-C2, C2-C3, C4-C5, and C5-C6. Hence, structure II of Fig. 1 may provide a more realistic description of the electronic situation, which is characterized by increased pairing of the single electrons caused by their delocalization through the whole framework of the ring. Representation II is also to be preferred as it illustrates explicitly the partial biradical character and does not conflict with the fact that a partial allene structure ͑formula I͒ should cause a widening of the C1-C2-C3 angle ͑relative to benzene͒, where the opposite is actually the case.
The reduced biradical character of m-benzyne is the reason that the molecule has a relatively low tendency to abstract hydrogen atoms. 56 Instead it undergoes reactions with nucleophiles, which of course does not imply a preference for the bicyclic versus the monocyclic form, because a monocyclic structure with delocalized single electrons is easily polarizable and can react either as an electrophile or as a nucleophile.
C. The infrared spectrum of m-benzyne
Marquardt et al. reported m-benzyne's infrared ͑IR͒ difference spectrum from the isolated photolytic decomposition of ͓2,2͔meta-paracyclophane-2,9-dione in solid argon at 10 K.
1,3 Table II includes experimental IR vibrational data reported by Sander, and theoretical vibrational frequencies determined by CCSD/ and CCSD͑T͒ / 6-31G͑d , p͒. The latter are in agreement with those given by Marquardt et al. 1, 4 Among the totally symmetric modes, only three directly affect the C1-C3 distance: 1 ͑C1-C2-C3 bending͒, 2 ͑out-of-phase breathing of C1-C2-C3 and C4-C5-C6͒, and 5 ͑C1-C2/C3-C2 symmetric stretching͒. However, only 5 is computed to have any significant intensity. Again we find that for both CCSD and CCSD͑T͒ methods the computed IR frequencies are invariant with respect to choice of reference determinant. This is in contrast to p-benzyne for which Crawford et al. found that the RHF reference wave function suffered from MO instabilities, leading to dramatic shifts in the computed vibrational frequencies. 32 Figures 3͑a͒ and 3͑b͒ are comparisons of the experimental IR vibrational spectrum vs those determined by theory in the 500-1600 cm −1 range. The CCSD spectrum shown in Fig. 3͑a͒ includes nine absorption peaks within this range, three of which cannot be matched to any of the peaks in the experimental difference spectrum. Furthermore, the CCSD b 1 vibrational mode at 1093 cm −1 does not reasonably fit with any of the experimental absorption peaks.
The CCSD͑T͒ infrared spectrum ͓Fig. 3͑b͔͒, on the other hand, accounts for all the experimental absorption peaks within this range and correctly reproduces the relative intensities as well. Due to the somewhat anharmonic nature of the PES ͑vide supra͒, we also calculated CCSD͑T͒ fundamental frequencies as reported in Table III . Most of the shifts are small ͑less than 50 cm −1 ͒ and most are negative, except for the 545, 743, and 818 cm −1 harmonic frequencies, which lie slightly below the corresponding experimental fundamentals at 547, 751, and 824 cm −1 , respectively. In nearly every case, the computed fundamentals align superbly with the experimental infrared absorption peaks, as illustrated in Fig. 3͑b͒ . Thus, based on the above evidence, we agree with Marquardt et al., 1 Kraka et al., 12 and Sander et al. 4 that the infrared spectrum clearly identifies the monocyclic structure of m-benzyne.
IV. RESULTS AND DISCUSSION: TETRAFLUORO-M-BENZYNE
Table IV summarizes coupled cluster predictions of the structure of tetrafluoro-m-benzyne. At the CCSD/ 6-31G͑d , p͒ level of theory, all three reference functions predict a nominally bicyclic structure, with C1-C3 distances ͑in angstroms͒ of 1.621 ͑RHF͒, 1.600 ͑UHF͒, and 1.617 ͑Brueckner͒, though we note that ͑1͒ the agreement among the orbital choices is significantly poorer for C 6 F 4 than for
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Structures of m-benzyne J. Chem. Phys. 122, 174309 ͑2005͒ m-benzyne and ͑2͒ the C1-C3 distance in C 6 F 4 is 0.04-0.05 Å longer than in m-benzyne ͑cf. Table I͒ . Again, triple excitations lead to a widening in the C1-C3 distance, ranging from 0.08-0.12 Å, depending on the choice of reference, but much smaller than that observed for m-benzyne, for which the C1-C3 distance shifts by more than 0.5 Å between CCSD and CCSD͑T͒. Clearly, the steric repulsion of the substituents F8, F9, and F10 is sufficient to overcome all electronic factors that favor a C1-C3 distance of 2 Å or larger. Indeed, it is likely that this distance would be even shorter if the substituent F7 at C2 did not destabilize the C1-C3 interactions. We rationalize these results as follows: ͑a͒ The inductive effect of fluorine withdraws electron density out of the C1-C3 region into the * ͑C2-F7͒ orbital; ͑b͒ At the same time, the inplane lone pair of F7 can donate density into the C1-C3 antibonding orbital, thus hindering the formation of a shorter C1-C3 bond; ͑c͒ The -donor capacity of F7 also stabilizes the bicyclic structure because it supports a resonance structure in which the system of the m-benzyne splits into an aromatic allyl anion unit and a nonaromatic ͑as opposed to antiaromatic͒ cyclopropenylium cation. ͑We also note that the -donor effects of F8, F9, and F10 serve to somewhat offset the effect of F7 and destabilize the bicyclic form.͒ Figure 4 presents RHF-CCSD/ and RHF-CCSD͑T͒ /6-31G͑d , p͒ energy profiles of tetrafluoro-m-benzyne ͑relative to the minimum-energy structure at each level of theory͒ as a 1͒ is compared to ͑a͒ the CCSD harmonic infrared spectrum and ͑b͒ the CCSD͑T͒ harmonic and fundamental infrared spectra.
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Structures of m-benzyne J. Chem. Phys. 122, 174309 ͑2005͒ function of the C1-C3 distance, where all geometrical parameters were optimized. As for m-benzyne ͓cf. Fig. 2͑a͔͒ , the CCSD level clearly favors the bicyclic structure with only a slight shoulder as the C1-C3 distance increases. However, the CCSD͑T͒ level produces a very flat PES, with a minuscule barrier of only 0.07 kcal/ mol separating the inner minimum at C1 -C3 = 1.744 Å and an outer minimum at C1 -C3 = 1.981 Å, similar to that found for m-benzyne. Although this result could support the hypothesis that the true structure is characterized by a large amplitude vibration encompassing open and bicyclic forms as extreme cases, the 6-31G͑d , p͒ basis is clearly too small to provide an accurate description. The shape of the PES is significantly basis-set dependent, as shown in Fig. 4 , which also plots RHF-CCSD͑T͒/cc-pVTZ energies computed at the same RHF-CCSD͑T͒ / 6-31G͑d , p͒ constrained structures. With the larger basis set, the outer minimum disappears, leaving only a single minimum with a C1-C3 distance at approximately 1.75 Å, comparable to the RHF-CCSD͑T͒ inner minimum with the 6-31G͑d , p͒ basis set. Clearly, the minimum energy structure of tetrafluoro-m-benzyne corresponds more to that of a bicyclo͓3.1.0͔hexatriene than to that of a monocyclic structure considering the fact that C-C distances of 1.75 Å should still provide some weak bonding. In addition, we note that this distance is significantly shorter than that given by BLYP/ 6-311+ + G͑d , p͒ ͑1.909 Å͒.
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A. The infrared spectrum of tetrafluoro-m-benzyne
Wenk and Sander used UV photolysis of 1,3-diiodo-2,4,5,6-tetrafluorobenzene in solid neon at 3 K and recorded an infrared difference spectrum that they subsequently assigned to tetrafluoro-m-benzyne based in part on DFT calculations. 5, 6 Table V compares the experimental results of Wenk and Sander to the CCSD/ and CCSD͑T͒ / 6-31G͑d , p͒ harmonic vibrational frequencies associated with the optimized structures given in Table IV . Among the totally symmetric modes, 1 ͑C1-C2-C3 bending͒, 4 ͑ring breathing͒, and 5 ͑C1-C2/C3-C2 symmetric stretching͒ directly affect the C1-C3 distance, but only 5 is computed to have significant intensity. ͑It is also worth noting that the relative intensity of 5 is significantly higher than in the parent m-benzyne, for which the mode has a similar C-C stretching structure.͒ The computed infrared frequencies vary little with respect to the choice of reference determinant ͑at most 50 cm −1 ͒, though the variation is somewhat larger than for m-benzyne. Figures 5͑a͒-5͑c͒ are comparisons of the experimental IR vibrational spectrum vs those determined by a "Outer" minimum-energy structure described in the text.
theory in the 400-2100 cm −1 range for the RHF-CCSD, inner-RHF-CCSD͑T͒, and outer-RHF-CCSD͑T͒ structures, respectively.
The CCSD frequencies compare reasonably well, except for one additional low-frequency line in the 400-700 cm is much too large, assuming it should compare to the experimental line at 1818 cm −1 . The CCSD͑T͒ data compare somewhat better with experiment, apart from the low-intensity line at 1443 cm −1 for the inner minimum ͓Fig. 5͑b͔͒ and a missing low-frequency, low-intensity line near 500 cm −1 for the outer minimum ͓Fig. 5͑c͔͒. The highest-frequency line compares better to experiment in position for both sets of CCSD͑T͒ data, but are too high in intensity, just as for CCSD.
If one considers the substantial basis-set dependence of the structures in Table IV and the CCSD͑T͒ energy profile in Fig. 4 , as well as the need for anharmonicity corrections in the high-frequency range ͑cf. Table III for the parent molecule͒, then the accuracy of the CCSD͑T͒ / 6-31G͑d , p͒ level of theory cannot be considered the final authority on the structure of tetrafluoro-m-benzyne. Indeed, additional CCSD͑T͒/cc-pVTZ data, which were not feasible in the present work due to computational limitations, will be necessary to finally resolve this issue. However, there are three reasons that suggest that the experimental spectrum supports a bicyclic rather than monocyclic form.
͑1͒ For the CCSD͑T͒ spectrum calculated at C1 -C3 = 1.744 Å all measured infrared bands can be assigned. It is more than likely that the "extra" low-intensity lines suggested by theory cannot be resolved in the experimental spectrum. In addition, the infrared band at 1500 cm −1 ͓which is missing in the CCSD͑T͒ spectrum calculated for C1 -C3 = 1.981 Å͔ must belong to the difference infrared spectrum of tetrafluoro-m-benzyne.
͑2͒ Basis set and anharmonicity corrections are often simulated by using a scaling factor of 0.96 for CCSD͑T͒ / 6-31G͑d , p͒ frequencies, 1,10 a particularly useful technique in the high-frequency range to approach experimental values from above. In the case of the CCSD͑T͒ spectrum calculated for C1 -C3 = 1.744 Å this would lead to an improvement between theory and experiment for the bands between 1500 and 1830 cm −1 , but not in the case of the CCSD͑T͒ spectrum calculated for C1 -C3 = 1.981 Å.
͑3͒ For the bicyclic structure, the band 5 , which is the only totally symmetric band that leads to a reduction of the C1-C3 distance, is one of the most intense transitions according CCSD͑T͒ calculations at C1 -C3 = 1.744 Å, but is significantly reduced in intensity at C1 -C3 = 1.981 Å. In the experimental spectrum this is indeed the most intense band ͑cf. Table V͒ .
We conclude that the infrared spectrum does indeed suggest a bicyclic structure with a relatively long C1-C3 bond of approximately 1.75 Å. It is beyond the computational possibilities presently available to determine if measured infrared spectrum confirms a large amplitude vibration involving 5 .
B. Biradical character of tetrafluoro-m-benzyne
The biradical character of the tetrafluoro-m-benzyne structures, as estimated by the magnitudes of the T 1 and T 2 cluster amplitudes, is rather small. For the CCSD/ 6-31G͑d , p͒ structure T 1 ͑max͒ = 0.03 and T 2 ͑max͒ = 0.08. ͑UHF-CCSD gives a similar maximum T 2 , and a somewhat larger maximum T 1 of 0.08.͒ For the RHF-CCSD͑T͒ / 6-31G͑d , p͒ structure with C1 -C3 = 1.75 Å, these values are similar: T 1 ͑max͒ = 0.03 and T 2 ͑max͒ = 0.11. The HOMO and LUMO NOON values for each structure are comparable: CCSD= 1.92/ 0.07, CCSD͑T͒ = 1.89/ 0.09. Hence, tetrafluorom-benzyne is best described as a bicyclic structure with an elongated C1-C3 bond. FIG. 4 . RHF-CCSD and RHF-CCSD͑T͒ C1-C3 energy profiles for tetrafluoro-m-benzyne using the 6 -31G͑d , p͒ and cc-pVTZ basis sets. Structural parameters were optimized for fixed C1-C3 distances at the RHF-CCSD͑T͒ / 6-31G͑d , p͒ level of theory. Energies are reported relative to the global minimum on the respective PES.
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Structures of m-benzyne J. Chem. Phys. 122, 174309 ͑2005͒ In addition, the calculated singlet-triplet ͑ST͒ splitting of tetrafluoro-m-benzyne is in line with the above description. At CCSD͑T͒ / 6-31G͑d , p͒, we obtain a value of 26.8 kcal/ mol ͑in favor of the singlet͒, which is 7 kcal/ mol larger than that calculated for m-benzyne ͑20 kcal/ mol compared to an experimental value of 21 kcal/ mol 57 ͒. An increase in the ST splitting suggests that in the S state the single electrons are more strongly coupled either by throughspace or through-bond coupling, which in the latter case implies a shorter 1,3-distance.
We note that bicyclic m-benzyne structures have also been discussed by Cramer and co-workers 58-60 for various FIG. 5 . RHF-CCSD and RHF-CCSD͑T͒ harmonic vibrational spectra for tetrafluoro-m-benzyne using a 6 -31G͑d , p͒ basis. The experimental infrared difference spectrum reported by Wenk and Sander ͑Refs. 5 and 6͒ is compared to ͑a͒ the CCSD spectrum, ͑b͒ the CCSD͑T͒ spectrum for the inner minimum, and ͑c͒ the CCSD͑T͒ spectrum for the outer minimum.
aza-derivatives of m-benzyne, though no experimental evidence is yet available for the molecules investigated.
V. CONCLUSIONS
The structure of m-benzyne was characterized by CCSD, CCSD͑T͒, and CCSDT methods. Basis set effects are small in this case, as indicated by strong similarities in computed geometries with 6-31G͑d , p͒ and cc-pVTZ basis sets. However, the level of dynamic electron correlation included in the theoretical model is paramount: while the CCSD methods predicts a bicyclic structure with a C1-C3 distance of 1.56 Å to be the most stable isomer of m-benzyne, the CCSD͑T͒ method predicts a monocyclic structure with a C1-C3 distance of approximately 2.1 Å. These results may be understood in terms of three-electron through-bond delocalization effects for which connected triple excitations are essential for a correct description. The best value for distance C1-C3 obtained in this work is 2.013 Å ͑estimated from the CCSD͑T͒/cc-pVTZ value of 2.026 and the CCSDT/ 6 -31G͑d , p͒ value of 2.093 Å͒.
Unlike the case of the p-benzyne biradical, the choice of reference molecular orbitals has negligible impact on the predicted structure with RHF, UHF, and Brueckner determinants giving essentially identical results, both for the geometry and the vibrational spectrum. The fundamental infrared frequencies calculated for the first time at the CCSD͑T͒ level are in excellent agreement with the measured values and confirm the monocyclic structure of m-benzyne. The biradical character of m-benzyne is significantly reduced relative to p-benzyne because of through-bond coupling leading to a delocalization of the unpaired electrons into the ␤-position * ͑C-C͒ or the * ͑C2-H7͒ orbitals. The structure of tetrafluoro-m-benzyne, on the other hand, is somewhat more difficult to characterize. At the highest level of theory yet feasible, i.e., CCSD͑T͒/cc-pVTZ the molecule possesses a flat minimum at a C1-C3 distance of approximately 1.75 Å, which corresponds to weak bonding interaction to give a bicyclic structure. Although C-C bond lengths of that magnitude may no longer be considered to be real bonds, they still involve significant C-C interactions considering the fact that typical transition state distances of breaking such bonds are 2.0-2.2 Å.
The CCSD͑T͒ / 6-31G͑d , p͒ harmonic vibrational spectrum of tetrafluoro-m-benzyne compares reasonably well to the experimental difference spectrum of Wenk and Sander; 5, 6 computations with larger basis sets are likely to resolve the remaining discrepancies. There are several features in the measured/calculated infrared spectrum that confirm the computed C1-C3 distance of 1.75 Å.
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